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TECHNICALNOTE4120
THEORETICALCALCULATIONSOFSUPERSONICWAW DRAGAT
ZEROLEFTFCRA PARTICULARSTCEU3ARRANGEMENT
~ KennethMargolis,l%ankS.Malvestuto,Jr.,
andPeterJ.Ma@e, Jr.
suMt@iRY
An analysis,basedonthelinearizedthin-airfoiltheoryforsuper-
sonic’speeds,ofthewavedragat zerolifthasbeencarriedoutfora
simpletwo-bodyarrangementconsistingof twowedgelikesurfaces,each
witha rhombiclateralcrosssectionandemanatingfroma ccmmonapex.
Suchsnarrangementcouldbe usedas twostores,eitherembeddedwithin
ormountedbelowa wing,orasauxiliarybodieswhereintheupperhalves
couldbe usedas storesandthelowerhalvesforbombormissilepurposes.
Theccnnpleterangeof supersonicMachnmbershasbeenconsideredandit
wasfoundthatby orientingtheaxesof thebodiesrelativetoeachother
a givenvolumemaybe redistributedina mannerwhichenablesthewave
dragtobe reducedwithinthelowersupersonicspeedrange(wherethe
leatingedgeis substantiallysubsonic).At thehigherMachnumbers,the4 wavedragisalwaysincreased.If,inadditiontoa constantvolume,a
givenmaximumthickness-chordratiois imposed,thencantingthetwosur-
4 facesresultsinhigherwavedragat all.Machnumbers.Forpurposesof
comparison,analogousdragcalculationsforthecaseof twoparallel
wir@Lkebodies
figurationhave
able(dragwise)
arrangements.
withthesamecross-sectionalshapesas thecantedcon-
beenincluded.Considerationisalsogiventothefavor-
interferencepressuresactingonthebluntbasesofboth
INTRODUCTION
Themagnitudeof thesupersonicwavedragof ccmpleteairplanecon-
figurationsi knowntobe dependentnotonlyonthedirectdrageffects
generatedby eachccmponentpartof theconfigurationbutalsoonthe
indirectorinterferenceeffectsintroducedby eachcomponentonall
othercomponents.Forairplanesthatrequirexternalfueltanks,promi-
nentnacelles,or otherauxiliarybodiesforstorageorbombandmissile
PurPosesjthel~ationOf such b-es relative to eachotherandto other
airplanecomponentshasbeenshowntobe an importantconsiderationfrom
thestandpointofobtaininglowdrag. Inthisconnection,reference1
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pointsoutthatjudiciouspositioningofthecomponentsofa multibody
arrangementcangiverisetobeneficialinterferenceeffectsthatareof
sufficientmagnitudetoallowa volumeincreaseof25percentandat the t
sametimeactuallydecreasethewavedragat zerolift.Althoughthe
possibleincreasesinotherformsof drag(e.g.,frictiondrag,basedrag,
anddragduetolift)mightpartiallycancelorevencompletelynullify
suchreductionin zero-liftwavedrag,theimportanceofpositioning —
auxiliarybodiesappearsclear.
Inasmuchas interesthasbeenevidencedin
conicalstoresorientedrelativetoeachother,
to consideralsothedragproblemfora similar
allowa rigorousanalyticalsolutionaswellaa
tions,thepresentpapertreatsthecaseoftwo
theliftandsideforceof
itwasbelievedworthwhile
arrangement.Inorderto
tosimplifythecalcula-
simplewedge-typestores,
cantedrelativetoeachother,eachwitha rhombicprofileinthespan-
wisedirectionandbothemanatingfroma singleapex. Thissimpletwo-
bodyarrangementcouldconceivablybe usedas twostores,eitherembedded
withina wingormmurtedbelowa wing,orasauxiliarybodieswhereinthe
upperhalvescouldbe usedas storesandthelowerhalvesforbombor
missilepurposes.Thezero-liftwavedragofthesystemisevaluated
hereinbymeansoflinearizedsupersonicflowtheoryfortheentiresuper-
sonicspeedrange.Correspondingcalculationsforthecaseoftwoparallel
winglikesurfaceswiththessnecross-sectionalshapesas thecanted
arrangementareincluded.Considerationisalsogiventothepressures
actingonthebluntbasesofbothconfigurations.
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Subscripts:
1,2 usedas subscriptson A todenotispecificslopes
1,2,3,4 usedassubscriptson # to denotethef~urbasic
potentialsforthecantedarrangement
lA,lEi,lc,2A,2Busedas subscriptson # todenotespecialforms
of @l and @2
baseint baseinterference
Theanalysisis
assumptionsof small
ANALYSIS
basedon supersonicthin-airfoiltheoryandon the
disturbancesanda cohstantvelocityofsound
throughoutthefluid.Theseassu@ionsleadtothelinearizedequation
forthevelocitypotential~:
(1 - M2)#=+ @H + @zz= O (1)
where M is
withrespect
system.The
potentialin
theMachnumberoftheflowandthederivativesaretaken b’
othevariablesx, y, and z oftheCartesiencoorditite
generalexpressionforthelinearizedperturbation-velocity
spaceduetoa distributionfsourceandsinksingularitiesv
inthe z = O planeis (seerefs.2 and3)
@(x,y,z)= -~
J/
~(E.,v)L%d?
St
R (x- & - pz(y- q)a- paza
where x, y, and z arethecoordinatesof
thepointatwhichthepotentialis desired)
coordinates(analogousto x and y) ofthe
thefieldpoint
and ~ and ~
singularities.
(2)
(that is,
arethe
Thefunc-
tion A(E,q)representsthepartic~ar&stributionofsingularities
. .
andis,of course,dependentuponthebofidaryconditionsimposed.For
thecaseofwingthicknessMstributiom”thataresmenabletothin-
airfoil-theorycalculations,thesource-sinkdistributionfunctionis
relatedtotheparticularthicknessdistributioni volvedandisgiven
as
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l’heintegrationi dicatedinequation(2)isperformedovertheregionR
thatisenclosedby thetracesinthe z = O planeoftheMachforecone
emanatingfromthepoint(x,y,z)andby thewingplan-formboundaries.
Inasmuchas thepresentproblemisconcernedwiththedragandhencethe
surfaceconditions,consistentlinearization.alsorequiresthepotential
tobe evaluatedin the z = O plane.Thus,theapplicableformof
——
equation(2)becomes
dq (4)
Theparameter~ equals(M2 - 1 anditsreciprocal
(absolutevalue) of theMachlines.
Calculationf thewave-dragcoefficientinvolves
/fJ istheslope
an integrationf .
thetangentialcomponentsof surfacepressurewhicharein turnrelated
to thex-derivativeofthevelocitypotential;thatis,
(5)
Apwhere S istheplan-formareaandthequantity— = - g W(x Y)
q. v +“
Theparticularthicknessdistributioni thepresentproblemallows
an additionalsimplification.fiasmuchas thequantityA(x,y)isa
constantvalueoveranyoneregionofa wedge-typesurface,equation(~)
maybe expressedsimplyintermsofthepotentialbyperformingan inte-
grationwithrespecto x;
CD=- (6)
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wherethesymbolb denotesthatthey-integrationisperformedover
thespan.Itshouldbe noted,however,thattheexpressionfor ?#(x,y)
willgenerallybe differentforeachwedgeregion and,therefore,the
evaluationbetweentheleadingedgesadtrailingedgeasrequiredin the
integrandofequation(6)m~t be takeninfinitesteyp.Thesolutionto
theproblemconsistsprimarilyofcalculatingthepotentialforthevari-
oussurfaceregionsby useofequation(4)andthencalculatingthedrag
coefficientbymeansofequation(6).
Considernowthewing-typearrangementk detail(fig.1). Four
basicpotentials~, !%, @3,-d @4 =ereq~red~ordertodeter-
minethewavedragfortheentiresupersonicrangeofMachnumbers;the
areasofintegrationforeachoftheseareindicatedinfigure2. In
addition,@l and @2 assumedifferentformsforvariousconditions.A
completesunmaryofthecasestreated,mathematicalconditionsinvolved,
andtheappropriateformsofthepotentialsIsgivenintableI. Before
thepotentialsareevaluatedas indicatedby equation(4),appropriate
expressionsfortheslopes~ z (~,~)mu$tbe obtained.
*B
Fortheout-
boardpanels,theslopeisfoundtobe
and,fortheinboardpanels,
(tanA)(tane)&/%x
az(Ej7)=h2=-
ZB 1- (tanA)(tan(3)
(7)
(8)
Thelimitsofintegrationimposedby regionR arereadilyobtained
fromtheinformationgiveninfigure2. Expressionsforeachof the
potentialsobtainedasa resultofperformingthemathematicaloperations
indicatedinequation(4)arepresentedinappendixA. Inaccordance
withequation(6)thewave-dragcoefficientmaynowbe calculated;the
resultantexpressionsareratherlengthyandarepresentedinappendixB.
As a conveniencetothereaderandasanaidinperformingothercalcula-
tionsinvolvingsimilarintegrals,evaluationsofsomespecificindefinite
integralsthatappearfrequentlyintheanalysishereinaregivenin
appendixC.
b
—
—
.
.
—
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Wave-dragcalculationsanalogoustothoseforthecantedarrangement
werecarriedoutforthecaseoftwoparallelbodiesse@aratedfromeach
otherby anerbitrarydistanceZ (seefig.3). Themathematicaldetails
ofobtainingthepotentialsendsoforthareomittedherein;onlythe
requiredpotentialexpressionsandfinaldragequationsarepresen~din
appendixD. Itmightbe no@d,however,thattheproceduresusedto
obtaintheseexpressionsareidenticaltothoseutilizedfortheapex-
adjoiningarr~ement,althoughmuchlesseffortisinvolved.For
exsmple,onlytwobasicpotentialsarerequiredandtheslopesofboth
theinboardandoutboardpanelssrethessme.Furthermore,theworkof
reference3 canbe usedto determinethepotentialsandwavedragat all
supersonicMachnumbersforthecasewhereno interferenceeffectsare
present.
RESULTSANDDISCUSSION
As indicatedintheanalysis,closed-fomnformulasarepresented
intheappendixesforthecompleteMachnumberrange.Theseformulas
enablethedragcoefficientforanygivenplsn-formarrangewntobe
obtainedreadilyby straightforwardnumericalcomputation.Therefore,
ratherthsm.attemptingtosummarizeallpossiblecasesbymeansof
plottingseriesofdesigncharts,thepresentpaperemphasizesonlythose
salientpointsthatsreborneoutby thedetailedcalculations.
Theobviousquestioniswheth~thereisanypossibleadvantagedrag-
wiseincantingthestoresortinglikesurfacesasifiicated.Theintro-
ductionofa finitevalueof e, thatis,openingthetwopanelsof the
twin-wedgearrangementrelativetooneanother,givesrisetotwoeffects
whichinfluencetheresultantwavedrag.Frompurelygeometricconsidera-
tions,itis seenthatfora givenleading-edgesweepbackanda cons-t
thickness-chordratioan increaseintheanglee resultsinanincrease
ofsurfaceslopesinthestresmdirection.Thetrendtowardhigherslopes
isevenmorepronouncedif,instead,thethickness-chordratioisallowed
tovaryandtheconditionofconstantvolumeisimposed.Inasmuchas the
supersonicwavedragat zeroliftis dependentonthesquareofthemagni-
tudeofsuchslopes,theeffectonthedragisadverse;thatis,thedrag
isincreasedatallMachnumbers.Cantingthetwopanels,however,also
changesthepressuredistributiona d,sincebothpositiveandnegative
pressuresareinducedinthefield,an assessmentofthisinterference
effectisrequiredto determinethenetchangeinthewave-tiagcoefficient.
Considerthecaseof e = O whereinthearrsngemmtbecomesimplya
deltawingwitha lateralcrosssectioncomposedoftwodiamonds.Forthis
limitingcase,theimportanceandmagnitudeoftheincreased-slopeeffect
maybeassessedtirectlybymeansof comparingthedragwiththatobtained
forthemoreconventionalwingwitha lateralcrosssectioncomposedofa
singledismond(equationsgiveninappendixB). Thewave-dragcoefficients
8forbothcasesareplottedagainstheaspect-ratio—Machnumberparsm-
*
eter A@ infigure4. Thetwoconfigurationshave,fora givenvalueof
maximumthickness-chordratio,thesamevoluieandlongitudinald stribu- &
tionofcross-sectionalareasmdthesamenmd.mumthicknessateachcross
section.Themaindifferenceis,of course,inthedistributionf thick-
ness. Thecomparisoni dicatestworesultswhicharetobe expectedin
viewofpreviouslypublishedwave-draganalyses:First,higherdrag
valuesareobtainedforthe“twin-wedge”case”throughoutthesupersonic
speedrange(theeffectiveslopesin thestreamdirectionaremuchhigher
forthiscaseandhencethedragiscorrespondinglyhigher)and,second,
thisincreased-drageffectismorepronouncedat thehigherMachnumbers
(wheretheleadingedgeissupersonic).Asan interestingsidelight,it
mightbenotedthat,inasmuchas thelongitudinaldistributionsofcross-
sectionalareasarethesameforbothconfigurations,applicationf the
“transonicarearule”wouldyieldthessmedragcoefficientforboth
cases.Thus,thedifferencesintheordinatesofthetwocurvesgivea
directmeasurementofthedegreeofinaccuracyinvolvedwhenthisruleis
appliedtothesupersonicspeedrange.
Asmightbe suggestedfromconsiderationoffigure4,thelower
supersonicrange(wherethelea~ngedgeissubstantiallysubsonic)
appearstobe thelogicalrangeinwhichtoanticipaten tdragreduction
asa resultofcantingthetwosurfaces.Iktailedcalculationsbasedon
theequationsgiveninappendixB andcoveringthecompletesupersonic
speedrangesubstantiatehise~ectation- onlyinthelowersupersonic
speedrangeandforrelativelysmallopeninganglesistheinterference
effectsufficientlyargetooverbalancetheadversedrageffectdueto e
thehigherlocalstresmwiselopes.At thehigherMachnumberswhere‘the
leadingedgeapproachesthesonicconditionoris supersonic,thewave
dragforthecantedarrangementisalwayshigher.Figure5 presentsome ?
ofthecalculationswhichillustrateheseresultsforthelowersuper-
sonicspeedrangeandincludesforcomparisonpurposestheuncanted
arrangement( hatis, ptane = O)previouslyshownin figure4.
Theresultsoffigure~ aredir~ctlyapplicableto casesforwhich
themaximumthickness-chordratioisconstant.Thecurvesmaybe
replottedintermsofconstantvolumeorforanyothergeometriccon-
siderationby introducingtheappropriatemultiplicativefactorsfor
eachpoint.Consider,forexsmple,theconditionofconstantvolume;
thevol~e VB enclosedbybothsurfacesisgivenby theexpression
.
or (9)
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andthemsximumthickness-chordratioby
(lo)
Thewave-dragcoefficientgiveninfigure5 isbasedonthepl=-
fonnsxea S (whichincludesthecutoutportion)andisrepresentedas
pc~ = ()%6X2= f(f! cotA,ptane) (u)
Itisreadilyapparentfromequation(9)that,fora fixedoverallength,
thevolumemaybemaintainedconstent~byettheradjustingenytwoorall
threeoftheparametersA, 8,and ~. Thus,fora givenvolme
condition,it isdesirabletobasethewave-dragcoefficientonanarea
whichis completelyindependentofthecanted-bodygeometrysothata
trueindicationofthedrsgitselfmaybe obtained.A corresponding
&ag c~fficientCD’ basedonthearea ~ msythenbe writtenas
() ()& 2(4j3cot A)PCD$& pc~’ = (12)
%
where ~ and & aretheareaandaspectratio,respectively,ofa
deltawinginwhichthecantedbodyisassumedtobe embedded.Forgiven
v valuesoftheparametersj3tane end ~ cotA, equation(10)givesthe
specificthicknessratiorequiredtomaintainthedesiredvolume.Equa-
tion(1.1)in conjunctionwithfigure5 deteminesthedragcoeffi-
cient ~CD,andtheneqwtion(12)maybe usedtoplotresultsforthe
constant-volumeconditton.
Figure6 presentsresultsobtainedfora specificvalueofthe
3~VB
volumeparemeter—
(C=)3 = 0“02”
Aspreviouslydiscussed,theordi-
nate (B%)(PCD’) offigure6 givesa directmeasurementofthedr~
itselfsince~ and ~ (areausedfornondtinsionalizingCD’)are
independentofthecanted-bodygeometryand,therefore,anyplottedpoint
infigure6 maybe legitimately&omparedwithanyotherplottedpointto
determinewhetherthedregisdecreasedorincreasedwhengeometryparam-
etersarechsngedin
Theconclusions
w givenoverallength
such-a wayastomaintainconstantvolume.- -
tobe drawnfrcmfigure6 areasfollows:Fora
anda givenMachnumber(constant~),it ispossible
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to redistributea givenvolumeina mannerpracticalforstorepurposes
andobtaindragreductionby cantingthebodiesslightly.(Compare,
forexample,thevaluesindicatedbythefilled-incircles.)If,in t
additiontoa constantvolumea constantmaximumthickness-chordratio
isdesired,thencantingthebodieswillalwaysresultinincreaseddrag
(followthedashedlines). Similarly,ifinadditionto constantvolume
a’constantsweepbackangleA isdesired,thencantingthebodieswill
resultinincreaseddrag(followverticalines).Figure6 is,of
course,directlyapplicabletothevolumeparameter~=()*()2, but
()%aX
theresultsareindicativeofthosefoundforothervaluesofthevolume
parameter.Figure5 in conjunctionwithequations(lO)j(11),and(12)
maybe usedas justoutlinedto obtaindetailedcurvesforothervolume
conditionsandthiclmessratios.
Calculationsofthesupersonicwavedragfortheparallel-body
arrangementconsistingoftwosurfacesofdeltaplanform,eachwitha
simplewedgeprofileandwithparallelaxesofsymmetry(seefig.3),
arepresentedinfigure7. Theinterestingpointtobe notedisthat
whenthetwosurfacesarein theinterferencefieldsofeachotherthe
resultinginterferencedragisadditive;thatis,thedragofthe
arrangementis leastwhenthecombinationfMachnmberandlateral
displacementofthetwoapexesissuchthatthedisturbancefieldof one
surfacedoesnotinfluencethedragoftheothersurface.Thisresult
isexpectedinasmuchas thepressureduetoa singlewedgeisthesame
insignoverthewedgesurfaceandinthefieldbeyondthewedge;there- w
fore,theintroductionfa similarwedgeintothefield(suchasin the
presentcase)willresultinadditionaldragofthesamesignasthe a
pressuredragoftheoriginalbody.
Inasmuchasboththecantedandparallelarrangementsreatedin the
presentpaperhavebluntbases,itisadtisabletopointoutthatthedrag
calculationsdiscussedthusfardonottakeintoaccounteitherthebasic
basedragortheinterference-dragcontributionresultingfromthepres-
surefieldgeneratedby onepanelactingonthebluntbaseoftheopposite
panel.Actually,thisinterferenceeffectgivesrisetoa negativedrag,
orthrust,andcouldconceivablybe ofthesameorderofmagnitudeas the
interferenceontributionpreviouslyconsidered.
Inordertoassesstheimportanceofthebase-drag-interferencecon-
tribution,theinterferencepressuresactingonthebasehavebeenderived
forbotharrangementsofbodiesandarepresentedinappendixE. Specifi-
cally,theformulasgivetheinterference-pressurecoefficient()
~ baseint
actingalongthebaselineinthepl~.rofsymmetry,thatis, x = ~ and
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z = o. Theformulaswereobtainedby utilizingequation(4)tofindthe
interferencev locitypotential(changingtheregionR toincludeonly
+ thatportionboundedby theWch traceandplan-formboundaryoftheoppo-
siteorinterferingbody),differentiatingtofindthepressurecoefficient
(
4
+)
2 a (X,y)
—=- .
q Vx , andthenevaluatingtheresultalongtheline x = ~.
Numericalcalculati&sforthisbaseinterferenceeffectwerecarried
outfortheparallelarrangementofbodiestoascertainwhetherthefavor-
abledragincrementwouldcounterbalancetheincreasein dragpreviously
foundandindicatedinfigure7. A roughestimateofthedecrementin
dragwasobtainedby firstplottingthevariationinpressureactingon
thebase[illustratedinfig.8 fora distanceparameter&3.O and
severalkchnumber-sweepbacksx%angements)obtainedby useofthe
formulasinappendixE, andthenessentiallyintegratingthispressure
distributionverthebaseareaaffectedby theinterferenceflow.The
decrementaldragcoefficientMD as foundby thiscrudeapproachis
believedto givea reasonableapproximationtothemagnitudeofthebase
interferenceeffect.Valuesofthedecrement
bytheabove-outlinedprocedure.forthecases
were0.13,0.14,and0.013fortheparameter
and0.40,respectively.Subtractionfthese& correspondingordinatesoffigure7 resultin
presentedinfigure8
~cotA= 0.10,0.25,
dragdecrementsfromthe
valuesthatfallbeneath
the“nointerference,~ +w” curvepresentedtherein.Additionalcal-
G
culationscoveringtherangeof sweepback,?@chnumber,anddistance-
between-bodiesparameterindicatedthesameresult,namely,thatthe
baseinterferenceeffectwasgenerallyof sufficientmagnitudeto over-
balancetheadverseinterferenceeffectpreviouslyfound(seefig.7)
and,thus,theoverallinterferenceeffectonthedragwasfavorable.Anal-
ogouscalculationsforthecanted-bodyarrangementcanbe carriedouttith
theuseoftheappropriateformulasofappendixE andtheprocedurepreci-
ouslyindicatedfortheparallelarrangementofbodies.Itisapparenthat
themagnitudeof theopeningangleisa criticalparameterwithregardto
thenetinterference-dragcontribution.
CONCLUDINGREMARKS
An analysis,basedonthelinearizedthin-airfoiltheoryforsuper-
sonicspeeds,ofthewavedragat zerolifthasbeencarriedoutfora
simpletwo-bodyarrangementconsistingoftwowedgelikesurfaces,each
G witha rhombiclateralcrosssectionandemanatingfroma conmonapex.
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Suchanarrangementcouldbe usedas twostores,eitherembeddedwithin
*
ormountedbelowa wing,orasauxiliarybodieswhereintheupperhalves
couldbe usedas storesandthelowerhalvesforbombormissilepurposes. G
ThecompleterangeofsupersonicMachnumbershasbeenconsideredandit
wasfoundthatby cantingororientingtheaxesofthebodiesrelativeto
eachothera givenvolumemaybe redistributedina mannerwhichenables
thewavedragtobereducedat thelowersupe~sonicspeeds.Forpurposes
ofcomparison,analogousdragcalculationsforthecaseoftwoparallel
winglikebodieswiththesamecross-sectionalshapesas thecanted
arrangementhavebeenincluded.Someconsiderationhasalsobeengiven
totheproblemofestimatingthefavorabl~(dragwise)interferencepres-
suresactingonthebluntbasesofbothconfigurations.Inthecaseof
theparallelbodiesforwhichcalculationsweremade,thisbaseeffect —
-,.
seemedmorethansufficienttocanceltheunfavorableinterferenceon .L
theforwardpartof theconfiguration.
—
LangleyAeronauticalLaboratory, —
NationalAdvisoryCommitteeforAeronautics,
LangleyField,Vs.,July18, 1957.
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Therequired
bodies(seetable
where
F1 =
F2 =
APPENDIXA
SUMMARYOFVHXK!lTYPOWNTIMS
FORCANTEDARRANGEMENT
velocitypotentialsforthecantedarrangementof
I)maybe convenientlyexpressedinthefollowingform:
#LA= Fl+F2+F4
@lB=Fl+F3+F4
~C=F5+F2+F~
@~= F6+F2+F4
@2B=F6+F3+F4
$3= F7
fi4=F7+F8
thefunctionsF1 to F8 aredefinedasfollows:
%$%+(kx+ y)cosh-lx + P ~1&
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+
+
[
ml - M (~ - ~)co’-l x - $%
‘J-= im=YT+ (kc + y)cos-1x+~2@@(kc+ y)1
% (y- x cotA)
~’-
APPENDIXB
S-Y OFEQUATK$?SFOR~ WAVE-DRAGCOE!?FICJINT
l?orthecasewherein
wave-&agcoefficientis
.
OF!EIECANTEOARRANGEME!W
alltheedgesaresubsonic,that1s, B cotA < 1,theformulaforthe
Forthecondl.l&m
sonic,thatis, ~ cot
is
inwhichtheleadingedgeissupersoniclmttheremainingedgesaresub-
A>l, )
~(tane:cotA <1, theequationforthewave-dragcoefficient
E
*
=
I I 1!
I
(B3)
WhentheridgelinebecomesEOIIIC,thatiB, P(W 0 j cotA) . 1,equation(B3)reducesto
(%42+ {’ [ 2-P cotA ~om~ P ootA-l+.-— $ CotA-2“:tA&l- ~”OtA+’mtA-l 2 l+2~mt A-~~= -1 12 ~t2 A(BootA - 1)2 2
(2-P cotA)k 4BcotA + ~2 cet2A~Bh-l ) -
2(2 - ~ @t A)
1
+ 2(2- ~ cotA)COB4(2 - 6 netA) (24)
(~oot A-1)2 -3+ b#cot A-~2cot2 A s
,’
Fortheconditioninwblchboth
hUle13110St~dg~iSsubsauic,thatiS,
wave-drag coefficientis
—
the leading edge and ridge linesare
( )
~ti9+COtA>l, Btane <l,
2
supersonicbutthe 1P,0)
the formula f’orthe :
I
* * ,, & v PW
!, ,! 1, 1
, l
When the innermostedge
~cD 1(%3@Inax)’=‘p‘O’A/-+ (p cot ‘ (;cot”+ ‘)’-l)f3 ‘(~cot’+l)’-h 1
Forthespeedconditionwherealledgesaresupersonic,thatis, ~ tan0 >1, thedrag
coefficient Is gLven by
1
i-]~’ cot’ A -1
(B7)
ItIstobenotedthatthedragcoefficientgivenbyequations(~) -LO(~) isbasedonanarea
whichincludeiithe“cutout”portion;thatis, the referenceareaisthatofa deltawinghating
thesaw leading-edgesweepback.
l?orthespecialcaseof 13= O, considerablesimplificationsintroducedintotheequations,
andtheformulasforwave-dragcoefictentforthis case EM well as thoseforthesingle-wedge
deltaUSedforccmpariBonpurposesinfigure4 we i3~Zed inthefolkwillgtable:
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APmIx c
SPECIFICINTEGRKLSOF INTERESTOCCURRING
INTHEDRAGANALYSIS
Considertheindefiniteintegrals
11 =
J
~o~.lCy+ d ~
ay+b
12 =
s
~o~h-lCy+ d ~
ay+b
where a, b, c,and d areconstantssubjectotheconditionthat
ay+b so. (Notethat
termcanalwayabemade
denominator.)
For a2> C2:
thisconditionisnotrestrictiveinasmuchas the
positiveby reversingsignsinbothnumsratorand
11 .-COS-lCH+ ad ‘bc co&y(c2 ‘a2) + cd -ah*
a ay+b4== Ibc- adl
12 = ay+b cosh-lcy+d
—+
a ay+b
a2# - b2 co~-lCy+ d
%2 ay+b
- bc Cos-lY(C2- a2)+ cd - ab
:P
22 Ibc- ad]
-c
ad - bc
c
-Y+
2a(a2- c2)
c(a2d2- b2c2)- ~%(ad - bc)
2a2(a2-
cosh-ly(c2- a2)+ (cd- ah)*
c2)3/2 Ibc- ad!
22
14= a~2 - b2 ~o~h-lCy+ d ad - bc—- rY+2~2 ay+b 2a(a2- c2)
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c(a2d2- b2c2)- 2a2b(ad- bc)
~o~-lY(C2- a2)+ (cd- ab)
z 3/22a2(a2- c )
For a2< C2:
ay+b co~-lcy+d+ ad-be11=— — Cos
a
ay’b am ‘1
Ibc-ad
.
y(cz- a2)+ (cd- ah”)
tbc- adl
ay+b ~o~h-lcy+ d + ad - bc co~h-ly(c2-a2) + (cd-ah)*12=—
a
ay+b a- Ibc-a~
13. azyz- bzCOB r-lcy+d: ad-be -y-282 ay+b 2a(c2- a2)
c(a2d2- b2c2)- 2a%(ad- bc)COB-1
2a2(c2- a2)3/2
14=a2Y2-b2Cosh-lcy+d+ ad-be ~-r%2 ay+b 2a(c2- a2)
y(cz- az)+ cd - ab
Ibc - adl
l
.
l
.
c(a2d2- b2c2)- 2a2b(ad- bc)cosh-l‘(C2~b~) + cd - ab*
~2(c2 - a2)3/2 ad
wherethequantityY = (C2- a2)y2+2(cd- ab)y+ d2 - b2 andthe
asteriskindicatesthatiftheinversehyperbokl.ccosineshouldbe
requiredofa negativenumber-N thenthefollowingrelationshipmust
be used:
cosh-l(-N)= -cosh-lN
l
.
NACATN4120 23
APPENDIXD
SUM&$RYOFFORMULASFORVIXOCI’I!YPO’I!ENTI&SANDWAVE
DRAGFORTHEPARALLELARRANGEMENT
Thebasicpotentialsrequiredtoevaluatethewavedragofthe
parallelarrangementofsurfaces(seefig.3)maybe obtainedforthe
caseofsubsonicleadingedgesinvolvinginterferenceeffectsby the
procedureoutlinedinthebodyofthepaper.At allsupersonicMach
numbersforwhichtheparticularregionof onesurfaceunderconsidera-
tionis outsidethedo~in ofinterferencefromtheoppositesurface,
thepotentialexpressionsmaybereadl.lyreducedfromreference3. For
convenience,alltheapplicablepotentialexpressionsaresummarizedin
thefollowingformulas:
Subsonicleadingedge;regionoutsideinterferencefield:
Subsonicleatthgedge;regionwithininterferencefield:
(Y+ x cotA)cosh-lx,+‘P2cot‘.+.. $(x
(y+z - X cotA)cosh-l
(y+ Z + X cotA)cosh-l
cotA + y)
x-(y+2)~2 cotA-
~(Y+Z-xcotA)
1x+ (y+ 2)~2cotA~(Y+z+xcotA)
(Dl)
(D2)
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Supersonicleadingedge;regionoutsideMachtracesfromapex:
@ . ‘(%@X/%X)(y - x cotA)
p~
(D3)
Supersonicleadingedge;regionwithinMachtracesfromapex:
$=
[
v(-%-laxbmax) (y - x cotA)cos-lx - y$2cotA
271/- P(XcotA -y) -
(y+ x cot
Theformulasfor
areaofbothsurfaces
2
A)cos-lx + ‘P cOtA1B(X cotA+ y)
wave-dragcoefficientare
andaregivenasfollows:
For O<pcotA~~:
L+l
s
(D4)
basedOritheplan-form
~ 4(1-B’cot’A) + 31 + ~’”cot2A) -ll+(&-@ot’*
4s cash _1 - ,B2cot2A ~jcotA
s
(m)
l

b
—
“
—
—_
--
,-
.=
l
4Y
%=l-’sw-’pco”s-fs-f’-+cotl
25
(D6)
~o~h-l j32cot’A + 1
}
+ sin-l-~ cotA
‘~ cotA
(D7)
(M)
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EXPRESSIONSFOR~ERENCE
NACATN 4120
PRESS~S ACTING
Theformulasinthisappendixgive
coefficientfoz%i)actingalongthebase
thatis, x = ~andz=O.
ONEASE
thetiterf erencepressures(in
line in the planeof symmetry,
CantedArrangement
the
Forthe.case
formulais
wherealltheedgesaresubsonic,thatis~ ~cot ACl,
When
tion (El)
theleadingedgebecomesonic,thatis, ~ cotA = 1,equa-
reducesto
.
b
“
—
—
\ -, .-.
NACATN 4120
.
Whenthe
. equation(E3)
ridgeHne becomesonic,thatis, B(~)
reducesto
27
= 1
(24)
Fortbe conditionin whichboththe leadingedgeandridge lines
are supersonicbut the innermostedgeis subsonic,that is,
tan e + cot A > 1 and ~ t~ e < 1, the pressureformulaisP( * )
At thehigherMachnumbers(wheretheinneredgebecomesonicor
supersonic) theinterferencefielddoesnotaffectthebaseregionof
. theoppositepanel.
* ParallelArrangement
Fortheparallelarrangementofbodiestheexpressionforthe
interferencepressureis
(26)
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TABLEI.-SUMMARYOF CASES‘lREATED,MATHEMATICALCONDITIONS,
ANDAPPLICABLEPOTENTIALEXPRESSIONS
Applicable
Case Description Mathematicalconditions potential
expressions
I Alledgessubsonic ~cot A<l @m, @2B
II Leadingedgesupersonic ~tanf3+pc0t A<2butotheredgessubsonic ~cot A>l flu,fi~)$5
III Onlyinneredgesubsonic ~-e<l $lc,fi~)fikptane+pcot A>2
Iv Alledgessupersonic j3tane>l fl~,64
.
.
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Figure1.-Sketchindicating
wingandpertinent
—
cantedarrangement embeddedina delta
parameters_gsedinanalysis.
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.
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..*(Y-
0 Y-
Y=-xcotli
,tan8+ cot A)
.-Y- x tan6
x
cotA)
y)= t-x
/m7-Y)=x-t
Figure2.-Areasofintegrationa dmathematicaldatarequiredto
obtainthevariousvelocitypotentials.
h!\/\//\/ \
,Mach line
T’1%lax1
Ih
Figure3.-Pertinentgeometryforparallelarrangementofsurfacessndsketchesindicating k?i
various combinations possible for arbitr=y values of Machnumber,aspect ratio, andfistance ~
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~gure 6.- Vsxlation of wave-drag coefficient with Mach nomber-sweepback parameter for a given
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